Metal adsorption data over a range of surface coverages typically are characterized by curvilinear metal adsorption isotherms. These isotherms generally have a slope of 1 at low surface coverage and a shallower slope at higher surface coverages. The curvature of metal adsorption isotherms with increasing surface coverage is frequently interpreted in terms of sequential adsorption onto different types of surface sites, multinuclear surface complexation, or nonideality of metal adsorption. We demonstrate that the curvature of metal adsorption isotherms can also be attributed to changes in surface charge and potential that depend on the predominant type of metal surface complex. A single-site extended triple-layer model is used to reinterpret previously studied metal adsorption isotherms and pH edges for a wide variety of metals (Cd 2+ , Co 2+ , Cu 2+ , Pb 2+ , and Zn 2+ ) and solids (goethite, hydrous ferric oxide, corundum, and magnetite) in different electrolyte solutions (NaNO 3 and NaClO 4 ). Only metal adsorption on ferrihydrite at very low surface coverages is not consistent with the single-site triple-layer model. This discrepancy might be explained if ferrihydrite is in fact not a single phase but a mixture of two or more phases. Metal surface coverages ranging from 10 −4 to 10.2 mmol/m 2 on the other minerals can be accounted for with a single-site extended triple-layer model if appropriate metal adsorption reactions are chosen. In addition, several examples suggest that, within the context of the model, surface complexation schemes can be established that describe metal adsorption over both a wide range of surface coverage and a wide range of ionic strength. C 2002 Elsevier Science (USA) Key Words: adsorption; metal; oxide; triple-layer model; isotherm.
INTRODUCTION
Metal adsorption from aqueous solution onto solid surfaces depends on both the nature of the solid phase and the solution composition including the background electrolyte, the ionic strength, the pH, and metal concentration (1) (2) (3) (4) (5) . In this study, the triple-layer model (TLM) (6) (7) (8) (9) (10) has been selected to investigate metal adsorption onto oxide surfaces because it can account for metal adsorption over the full scope of the compositional space defined by these variables. In a previous paper (5), we investigated transition and heavy metal adsorption onto oxide surfaces over a wide range of ionic strengths using the single-site TLM in combination with values for surface-site densities, surface protonation constants, adsorption constants for the electrolyte anions and cations, and capacitances that have been demonstrated to be functions of specific solid phase properties (i.e., the dielectric constant and the Pauling bond strength) (11) (12) (13) (14) . Because the majority of the TLM parameters have been established in a systematic manner, the number of adjustable model parameters is reduced to the reaction stoichiometries and equilibrium constants necessary to describe metal adsorption. From this previous study, we found that surface complexes involving a transition or heavy metal in combination with the electrolyte anion frequently describes the majority of metal adsorption over a range of ionic strengths.
In this paper, we continue to develop a comprehensive surface speciation scheme for metal adsorption onto oxide surfaces using a single-site TLM by extending this model to account for adsorption over a range of metal concentrations and surface coverages. Metal adsorption data over a range of surface coverage are frequently collected at a constant pH and plotted as the logarithms of the equilibrium concentrations of adsorbed metal versus aqueous metal. These data describe curvilinear isotherms that have received considerable attention (e.g., 2, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Typically, the isotherms have a slope of 1 at extremely low metal concentrations and a slope of <1 at higher metal concentrations that give rise to maximum surface coverages well below the surface coverage for one monolayer. The slopes of 1 suggest ideal metal partitioning between the solution and the surface, while slopes of <1 under these conditions have been accounted for in several ways.
Many investigators (e.g., 2, 15, 19, 21, [24] [25] [26] [27] [28] [29] [30] [31] have proposed that metal adsorption isotherms with slopes of <1 are a result of adsorption to more than one site type. Metal adsorption with increasing metal concentration occurs progressively onto two or more different types of surface sites. For example, Dzombak and Morel (2, 27) proposed the two-site diffuse double-layer model (DDLM) for the adsorption of metal cations onto hydrous ferric oxide (HFO; Fe 2 O 3 · H 2 O) based in part on the data for cadmium (Cd 2+ ) adsorption shown in Fig. 1 . The two-site isotherm depicted in Fig. 1 has a slope of 1.0 at log (Cd (27) . The adsorption isotherm is described by a two-site model, in which each surface site exhibits Langmuir behavior. At low Cd 2+ concentrations, proportional (1 : 1) adsorption can be modeled using one type of surface site with a maximum site density of 10 −2.3 mol/mol that is suggested by a change in isotherm slope. At higher Cd 2+ concentrations (10 −6 to 10 −3 M), the shallower isotherm slope can be described by a two-site model where the density of the second type of surface site is indicated to be 0.2 mol/mol by the maximum reached in Cd 2+ adsorption.
(mol/L) ≤−6.5, corresponding to the filling of the high-energy site 1 (maximum occupancy 0.005 mol/mol Fe). For −5.5 ≤ log (Cd 2+ aq ) (mol/L) ≤−3.0, the isotherm has a slope of <1.0, corresponding to the filling of the low-energy site 2 (maximum occupancy 0.2 mol/mol of Fe). These site densities were widely applied to the adsorption of many divalent metals onto HFO (2) .
However, application of the DDLM to uranium (UO
2+
2 ) adsorption on HFO over a very wide range of pH, ionic strength, and metal concentrations resulted in surface site concentrations of 0.0018 and 0.873 mol/mol of Fe (32, 33) , which are substantially different from those selected by Dzombak and Morel (2) . These differences underscore the fact that the nature of the highenergy sites on HFO is unclear. The very low abundance of the "high-energy" sites has been attributed to the role of lattice defects, crystal edges, dislocations, or surface sites on the smallest crystallographic faces (29, (34) (35) (36) . If the concentrations of these anomalies varied from one HFO to another, it would explain the low and variable apparent abundances of the high-energy sites. However, intensive X-ray and extended X-ray absorption fine-structure spectroscopy (EXAFS) investigations of ferrihydrite have established that it is a mixture of Fe 2 O 3 · H 2 O and minor amounts of Fe 2 O 3 (37) (38) (39) . This suggests an alternative explanation for the low and variable apparent abundances of the high-energy sites. If HFO is a physical mixture of two solids, the high-energy sites may reflect the presence of minor amounts of phases such as Fe 2 O 3 mixed with Fe 2 O 3 · H 2 O. This interpretation is supported by studies of the adsorption of calcium (Ca 2+ ) and copper (Cu 2+ ) with organic ligands onto goethite (40) , and for the adsorption of divalent metals onto goethite in general (41) , which was described with a single-site version of the DDLM involving multiple surface species.
Other models that describe the curvilinear nature of metal adsorption isotherms by adsorption onto different types of surface sites account for different types of hydroxide groups at the mineral surface based on the crystal structure (e.g., 30, 31, [42] [43] [44] . In these models, different types and numbers of surface sites are determined for each crystal face. Then, metal surface complexes are selected to be consistent with EXAFS spectra. Although these models provide more accurate representations of mineral surfaces, they require substantially more parameters and more detailed knowledge of the solid surface than single-site models.
Both mineralogical and spectroscopic studies provide substantial evidence that there are several different types of sites available for adsorption on each mineral surface. For example, in a comprehensive study, Koretsky et al. (11) calculated the number and types of surface sites per unit of surface area on ideal crystal surfaces for several oxide and silicate minerals. In addition, numerous spectroscopic studies (36, (45) (46) (47) (48) (49) suggest that metal adsorption occurs onto different site types, forming different types of metal surface complexes. For example, from evidence of two cadmium-iron distances, Spadini et al. (36) concluded that both edge-sharing and corner-sharing Cd 2+ surface complexes form on goethite surfaces.
However, after making several assumptions regarding the reactivity of different site types, Venema et al. (30) modeled Cd 2+ adsorption onto goethite using only two site types, each found on a different crystal face. To confirm that the choice of surface sites was appropriate, Venema et al. (30) conducted a second set of experiments with goethite crystals of a different geometry, expecting the affinity for Cd 2+ to change due to the different proportion of crystal faces. This change was not observed, possibly due to the presence of crystal imperfections. In addition, recent molecular static studies on the surface sites of goethite suggest that the difference in surface site types of an ideal goethite crystal does not give rise to large differences in surface protonation constants (50) . Other researchers (e.g., 24) have examined the overall averaged effect of random surface heterogeneity on metal adsorption calculated by Stern layer models like the TLM and have found that electrostatic effects and competition between the metal and protons for the same surface sites strongly reduce the model sensitivity to surface heterogeneity. Because the morphology of the crystals used in experimental studies is frequently not well characterized, and there is no clear evidence that metal adsorption to the different site types found on idealized crystal surfaces result in observable differences in bulk metal adsorption behavior, the use of a single-site surface complexation model for a range of surface coverages is investigated here.
Although decreases in isotherm slope may be attributed to metal adsorption onto different site types, Katz and Hayes (17) showed that a single-site triple-layer model (TLM) could be used to predict cobalt (Co 2+ ) adsorption onto corundum over a limited range of surface coverages. With a single surface complex of Co 2+ (>SOCo + ), they demonstrated that surface coverages from 0.04 to 2 mmol/m 2 (0.05-10%) could be described.
However, higher surface coverages required a multinuclear surface complexation approach (3, 18) or precipitation (51, 52) . Alternate mononuclear surface complexes of Co 2+ (e.g., >SOCoOH, >SOCoNO + 3 ) were not considered by Katz and Hayes (17, 18) . In contrast, other studies have suggested the formation of surface complexes involving both the metal cation and either the hydroxide or electrolyte anion (29, 51, (53) (54) (55) (56) (57) (58) (59) (60) . For example, it can be seen in Figs. 2A and 2B (61) that the curvature of isotherms calculated with a single-site diffuse-layer model or triple-layer model will differ depending on the choice of metal surface complex. For example, the isotherm calculated using the TLM and the reaction
where >SOH represents a neutral surface site, M
aq and H + aq represent aqueous metal and hydronium ions in solution, respectively, and >SOMOH is a metal surface complex in which MOH binds to the 0-plane of the triple-layer model, is analogous to the Langmuir isotherm because the electrostatic term that accounts for changes in surface potential and charge associated with this reaction is zero.
On the other hand, on a positively charged surface, the isotherm calculated using the reaction
where the metal, M
aq , that binds to the β-plane of the triple-layer model 2 exhibits a shallower slope with a substantially lower maximum surface coverage because the electrostatic potential term associated with the complex is positive and opposes metal adsorption. Taken together, the results of Katz and Hayes (17) and Robertson and Leckie (61) suggest that a single-site triplelayer model with two or more metal surface complexes might be able to account for a significant range of surface coverages. Accordingly, the observed differences in adsorption isotherm curvature will reflect the formation of different types of surface complexes. This approach might be termed a single-site multispecies approach. Single-site multispecies models have been successfully applied based on the constant capacitance model for the electric double layer (55, 56, (61) (62) (63) (64) (65) and for the DDLM (40, 42) . In addition, several investigators have applied a singlesite multispecies TLM to describe divalent metal adsorption (e.g., 10, 66). However, the extent of the applicability of a single-site multispecies model based on the triple-layer model of the mineral-water interface has not yet been investigated adequately.
FIG. 2.
Calculated adsorption isotherm behavior using two different surface complexation models with different metal surface complexes. Metal concentration adsorbed per gram of solid is plotted against the activity of the bare metal cation in solution. For this illustration, goethite and Cu 2+ were used by Robertson and Leckie (61) as a representative solid and metal (M 2+ ). The goethite has a ZPC of 8.9 and a BET surface area of 49 m 2 /g. The calculations are for Cu 2+ adsorption from a 0.1 N NaClO 4 solution at pH 6. Therefore, Cu 2+ adsorption is occurring on a positively charged surface. (A) Diffuse-layer model calculations with log K 1 = 7.719 and log K 2 = −10.088. (B) Triple-layer model calculations with log K 1 = 7.90, log K 2 = −9.90, log K ClO − 4 = 8.334, log K Na + = −9.332, C 1 = 1.2 F/m 2 , and C 2 = 0.2 F/m 2 . These triple-layer model parameters are those used by Robertson and Leckie (61) and differ from those used later in this study (see Tables 1 and 2 ). Equilibrium constants for each surface complex were chosen such that for a total metal concentration of 10 −7 mol/g of goethite, the activity of aqueous metal in solution is 10 −9.8 M after adsorption. The adsorption isotherm calculated for the neutral surface complex >SOMOH exhibits Langmuir behavior in which metal adsorption is proportional to metal concentration in solution until the maximum surface site density is approached. Adsorption isotherms calculated for other surface complexes exhibit shallower slopes and lower maximum surface coverages reflecting different coulombic effects that result from the electrostatic potential terms associated with each type of surface complex.
In this study, the extended triple-layer model, or extended TLM (14, 15) , as implemented in the speciation/surfacecomplexation code, GEOSURF (67) , is used to re-examine metal adsorption isotherms and pH edges that have previously been interpreted in terms of two-site, multinuclear surface precipitation or nonideal metal adsorption. The extended TLM was selected because it accounts for the specific adsorption of the electrolyte and can therefore be used to describe metal adsorption over a wide range of ionic strengths (5) and electrolyte types. This model was also selected because the extended TLM incorporates a systematic approach to establishing values for triple-layer model parameters including the surface site density (11), inner-layer capacitance (C 1 ), and surface equilibrium constants for protonation and electrolyte adsorption (12) (13) (14) . This permits the development of a unique database of metal adsorption reactions and equilibrium constants. However, this model only accounts for adsorption, not surface precipitation or absorption; therefore, we use the term adsorption throughout this paper to describe both the metal uptake data and the modeling efforts regardless of surface coverage and experimental interpretation.
We first develop an adsorption isotherm equation within the context of a single-site extended triple-layer model to investigate the effects of surface charge and potential on calculated isotherms. We then demonstrate that much of the existing metal adsorption data over a wide range of metal concentrations may be described reasonably well using a single-site model. Finally, several examples are provided that demonstrate that adsorption reactions and equilibrium constants established in Criscenti and Sverjensky (5) for metal adsorption over a range of ionic strengths can also be used to predict adsorption over a range of metal concentrations in the same system. These results suggest that when appropriate metal surface complexes are selected within the framework of the single-site extended TLM, the adsorption reactions and equilibrium constants established can be used to predict metal adsorption over wide ranges of both ionic strengths and surface coverages.
RELATIONSHIP BETWEEN LANGMUIR BEHAVIOR AND THE TRIPLE-LAYER MODEL
The Langmuir isotherm equation has frequently been applied to solute adsorption from aqueous solution, although it derives from studies of gas adsorption (68) . In its simplest form, it describes the distribution of a single species between an ideal solution and a mineral surface with a finite number of adsorption sites. Charge interactions between aqueous ions and the mineral surface are not considered. Assuming a total of two types of surface species, >SOH and >SOHM 2+ , the mass action expression for
is written as
where K is an equilibrium constant and C j is the concentration (moles per liter of solution) of the jth species. The Langmuir isotherm equation can be written
where N s is the moles of surface sites per liter of solution (69, 70) . This equation can be rewritten in logarithmic form such that, for C M
and for C M
These equations, [6] and [7] , emphasize that, at low metal concentrations, the slope of the Langmuir isotherm plotted as log C >SOHM 2+ versus log C M 2+ aq is 1 and that the isotherm reaches a maximum at log N s . It is important to emphasize that these Langmuir equations were developed without consideration of the surface charge at the mineral-water interface.
Within adsorption models that have been developed specifically to examine the interface between an aqueous solution and a mineral surface, trace metal adsorption cannot be calculated without also accounting for other surface reactions such as protonation and deprotonation. Adsorption equations of a similar form to the Langmuir equation have been developed for a primitive interfacial model (71) and for the diffuse layer model (72) . Surface complexation models, including the TLM, were developed for use in combination with aqueous speciation models in which divalent metals may be present in several forms in aqueous solution (e.g., M 2+ , MOH + , MCl + ) and in which nonideal solution effects are determined through the use of an activity coefficient expression. To derive an equation for the concentration of metal adsorbed in a system containing one solid phase and one adsorbing metal species from an electrolyte solution, five reactions and equilibrium constant expressions for the protonation and deprotonation of surface sites, for the adsorption of the electrolyte anion and cation, and for the adsorption of the metal cation must be considered in the TLM:
[8]
where a i represents the activity of the species i, CA + and AN − are the electrolyte cation and anion respectively, o and β represent the electric potential on the 0-plane and the β-plane of the TLM respectively, F is Faraday's constant, R is the universal gas constant, and T is temperature. The ratio of the activity coefficients for the surface species is assumed to be unity. Therefore, the activities of the surface species in the equilibrium expressions can be replaced by concentrations.
As suggested by Eqs. [8] - [12] , the equilibrium constants in the TLM are given by the product of a chemical mass action term and an electrostatic term that accounts for the energy required to move an ion from the bulk aqueous solution to the charged mineral surface due to the electric field created by this surface. Because the TLM equilibrium constant expressions include this electrostatic term, they are distinctly different from equilibrium constant expressions like Eq. [4] in the Langmuir adsorption model.
The adsorption equation for M 2+ in the TLM can be derived by first rearranging Eq. [12] :
Given that the total moles of surface sites per liter of solution, N s , is the sum of the moles of each surface species present on the mineral surface,
Eq. [13] can be rewritten as
This equation can be further rearranged so that the concentration of adsorbed M 2+ only appears on one side of the expression
They, the final adsorption equation that gives the concentration of adsorbed metal C >SOHM 2+ in terms of the activity of the free metal ion in solution a M 2+ aq and the concentration of each of the other surface species can be written as:
The concentrations of >SO − , >SOH 
[18] [20] and
[21]
In terms of aqueous concentrations, the adsorption equation (Eq. [17] ) is [22] where C M 
.
At very low surface coverages, o is not influenced by metal adsorption and the isotherm slope is equal to 1. At higher surface coverages, o will not remain constant with increasing metal adsorption and will influence the slope of the isotherm and maximum metal surface coverage. The electrostatic potential term differs for each type of metal surface. For example, the electrostatic term associated with the formation reaction for >SOH-M 2+ is 2F β /2.303RT . For this surface complex, the slope of the isotherm will be influenced by the value of β .
It can be seen in Fig. 2 that adsorption isotherms calculated using different surface complexes exhibit different characteristic slopes on a log-log diagram of aqueous metal versus metal adsorbed. On a positively charged mineral surface, like the surface of goethite, the electric potential opposes metal adsorption; therefore, as the electrostatic term increases, metal adsorption is suppressed more and more. The "Langmuir" portion of the isotherm, with slope equal to 1, decreases, and the "Freundlich" portion of the isotherm, with slope <1, increases. The overall slope of the isotherm becomes progressively shallower.
Plotted on a log-log diagram of adsorbed metal versus aqueous metal, the spacing between isotherms at different pH values will also differ depending on the metal surface complex involved. For >SOHM 2+ , the spacing will depend primarily on the electrostatic potential term 2F o /2.303RT because o is a function of pH. For deprotonated metal surface complexes like >SOM + given by the reaction
equilibrium constant expression [26] and adsorption equation
, [27] adsorption isotherms at different pH values will differ by a H + aq
It can be seen in Eq. [28] that the shape of the adsorption isotherms for the surface complex >SOM + will be influenced by the term F o /2.303RT . Furthermore, the spacing between the isotherms is a function of not only the electrostatic potential term but also the pH that appears explicitly in Eq. [28] .
Calculated adsorption isotherms using two different surface complexes, >SOCoOH and >SOHCo 2+ , for Co 2+ adsorption onto quartz are illustrated in Fig. 3 . The adsorption isotherms calculated for the neutral surface complex >SOCoOH exhibit slopes of 1 except at the highest pH and/or metal coverages. However, the isotherms for >SOHCo 2+ show much greater curvature, even at the lower pH values. The adsorption of positively charged cations onto neutral surface sites (>SOHCo 2+ )
FIG. 3.
Calculated adsorption isotherm behavior using the single-site triplelayer model for Co 2+ adsorption onto quartz for two different Co 2+ surface complexes for several different pH values. Cobalt adsorption calculated using the surface complex >SOCoOH exhibits Langmuir behavior, and will only reach a maximum due to surface site saturation (1.42 × 10 −7 M). Cobalt adsorption calculated using the surface complex >SOHCo 2+ is influenced by the electric potential term 2 o that contributes to the electrochemical equilibrium constant for the formation of this surface complex. In this case, the surface charge and potential are a function of pH and concentration of adsorbed Co 2+ , and as a consequence, these isotherms differ from those calculated using >SOCoOH, even at low (i.e., 10 −14 M) Co 2+ concentrations. Input parameters for these calculations are based on triple-layer model fits to data for Co 2+ adsorption onto quartz from James and Healy (51) (Criscenti, (73)). These input parameters include for quartz: 15 g/L, 5 m 2 /g surface area, and 11.4 sites/nm 2 . Triple-layer param-
= −1.03. The equilibrium constant for >SOHCo 2+ is that found from fitting the data from James and Healy (51) while the equilibrium constant for >SOCoOH has been selected such that the calculated pH 5 adsorption isotherms merge at low metal concentrations.
increases the surface potential, and this in turn suppresses Co 2+ adsorption. The spacing between calculated adsorption isotherms at different pH values for these two complexes differs, even at relatively low metal concentrations. Clearly, the slope of a single isotherm at a specific pH conveys little information. However, many isotherms over a range of metal concentrations and pH values may aid in the determination of metal surface speciation schemes.
REINTERPRETATION OF CURVILINEAR METAL ADSORPTION ISOTHERMS IN TERMS OF A SINGLE-SITE TRIPLE-LAYER MODEL
In this section, several data sets that have been described previously with a two-site or multisite model are re-examined using the single-site extended triple-layer model. First, we re-examine the data cited in support of the development of a twosite model (the DDLM, 2 and 27) for cadmium (Cd 2+ ) adsorption onto hydrous ferric oxide from Dzombak and Morel (27) discussed above and zinc (Zn 2+ ) adsorption onto hydrous ferric oxide from Benjamin (15) and Kinniburgh and Jackson (74) . In addition, we re-examine additional data for Cd 2+ adsorption onto hydrous ferric oxide (15) , copper (Cu 2+ ) adsorption onto goethite (29) , and Cd 2+ adsorption onto goethite (31) which were also originally interpreted in terms of a two-site or multisite model. Much of these data were collected at a fixed pH over a range of metal concentrations (e.g., Cd 2+ onto HFO, Cu 2+ onto goethite, Cd 2+ onto goethite). As these adsorption isotherm data were collected, the pH was continuously monitored and adjusted by the addition of acid or base. For Cd 2+ adsorption onto hydrous ferric oxide, Dzombak and Morel (27) maintained a pH of 7.50 ± 0.05 by adding NaOH. For Cd 2+ adsorption onto goethite, Venema et al. (31) maintained a pH of 7.00 ± 0.05. Robertson (75) maintained the pH to within ±0.01 units. Some of the other data (e.g., 15) were collected at fixed metal concentrations over a range of pH values. In these cases, the error in pH may be as large as ±0.23 units (76) .
In each of these studies, the adsorption isotherm data are plotted as log(adsorbed metal concentration) versus log(aqueous metal concentration). These experimentally determined isotherms are different from those derived in the previous section because the total concentration of metal in solution is plotted rather than the activity of the free metal ion. The one exception is the data for Cu 2+ adsorption onto goethite from Robertson and Leckie (29) who measured the activity of the free Cu 2+ ion in solution. The calculated isotherms presented below for each system are defined in the same manner as the experimental data set under study.
The parameters used with the extended triple-layer model to describe the data sets discussed in both this section and the next are provided in Tables 1 and 2 . The aqueous complexes and equilibrium constants used in the present study include dissociation constants for metal-hydroxide complexes (77) and metal-nitrate complexes (78) that are tabulated in Criscenti and Sverjensky (5) . Of the data summarized in Tables 1 and 2 , new extended triplelayer model parameters (i.e., new adsorption constants for the electrolyte cation (Na + ) and anion (NO − 3 , ClO − 4 ) and the innerlayer capacitance (C 1 )) were established in the present study (Fig. 4) by fitting surface titration data for hydrous ferric oxide in NaNO 3 solutions (82), goethite in NaClO 4 solutions (75), and goethite in NaNO 3 solutions (30, 31) . The experimental data used in the present study that were determined from figures in the literature are reported in the Appendix.
The surface titration data for hydrous ferric oxide from Davis (82) were used to establish extended triple-layer parameters for use with the TLM to model Cd 2+ and Zn 2+ adsorption data (15, 27, 74) because both Benjamin (15) and Dzombak and Morel (2) relied on these data to describe hydrous ferric oxide in their research. Because the composition of hydrous ferric oxide varies widely and HFO changes into crystalline iron oxides with aging (2, 85, 87) , the assumption that the triple-layer parameters established by fitting Davis' (82) data may be applied to other hydrous ferric oxide samples must be viewed with caution. However, neither Benjamin (15) nor Dzombak and Morel (2) report experimental surface titration data for the hydrous ferric oxide they made in the laboratory. (31) have different zero points of charge (ZPCs) and therefore different surface properties. Model descriptions of the surface titration data for the three goethites using the extended triple-layer model yield substantially different inner-layer capacitances (see Table 2 ). The goethite surface titration data from Hayes (54) and Venema et al. (30, 31) yielded an inner-layer capacitance of 0.6 F/m 2 , while the surface titration data for Robertson's (75) goethite yielded an innerlayer capacitance of 1.2 F/m 2 . Such differences in capacitances for goethite are associated with significant differences in the magnitudes of the measured surface charges (Fig. 4) . Goethites with anomalously high capacitances and surface charges (e.g., Fig. 4B ) have BET surface areas less than 50 m 2 g −1 (Table 1) , possibly because of substantial microporosity (84) .
With the parameters established in Tables 1 and 2 , the extended triple-layer model is used to examine several data sets with metal adsorption over a wide range of surface coverages (see Table 3 ). The results of describing these data sets with the model are discussed below.
Cadmium Adsorption Data onto Hydrous Ferric Oxide
Using the single-site extended triple-layer model, the data given in Fig. 1 for Cd 2+ adsorption onto hydrous ferric oxide (27) were described successfully using either the reaction [29] for which the equilibrium constant is given by [30] or the reaction
for which the equilibrium constant is given by
These results are illustrated in Figs. 5A and 5B. Both of these surface complexes individually describe the change in isotherm slope from 1 at low surface coverages to a slope of <1 at higher surface coverages, without invoking a two-site surface complexation model. To discriminate between these two possible surface complexes, calculated adsorption isotherms for several pH values would have to be compared to adsorption isotherm data. For the first surface complex, >SOCd + , the spacing between adsorption isotherms at different pH values will be a function of the activity of hydrogen and o . For the second surface complex, >SOHCdNO + 3 , the spacing between adsorption isotherms will be a function of o only. Therefore, the choice of surface complex would be clearer if additional data at different pH values were available.
A calculated adsorption isotherm using a third surface complex, >SOHCd 2+ -NO − 3 is compared to the adsorption isotherm data in Fig. 5C . The adsorption isotherm calculated using this surface complex is flatter than the adsorption isotherms calculated using either >SOCd + or >SOHCdNO + 3 and clearly misses the data for high Cd 2+ concentrations by 0.5 log units. The reaction and equilibrium constant associated with the surface complex >SOHCd
[33]
and
The slight decrease in adsorbed Cd 2+ at high metal concentrations occurs near Cd(OH) 2 supersaturation. While this surface complex does not describe the data for Cd 2+ onto hydrous ferric oxide from Dzombak and Morel (27) as well as other complexes, it is mentioned here because it is used below to describe data from Benjamin (15) for the same system. Some of Benjamin's (15) data are shown in Fig. 5 for comparison. These data suggest more Cd 2+ adsorption at low metal concentrations than the data collected from Dzombak and Morel (2). This discrepancy may be due to different experimental approaches or to differences in the solid hydrous ferric oxide. 2+ adsorption are reported as adsorption edges (% adsorbed versus pH) for a specific solid and metal concentration (Fig. 6) . With increasing solid concentration, Cd 2+ adsorption increases, and the adsorption edges shift from high pH to low pH (Fig. 6A) . With constant solid concentration, and increasing Cd 2+ concentration, adsorption edges migrate from low pH to high pH (Fig. 6B) . At very low surface coverages, the adsorption edges are not affected by changes in metal concentration (Fig. 6C) .
Using the single-site extended triple-layer model, several attempts were made to describe the Cd 2+ adsorption data from Benjamin (15) are presented in Fig. 6 . The adsorption reaction and equilibrium constant expression for this surface complex are given in Eqs. [33] and [34] . From a fit to the adsorption edge for Adsorption of different Cd 2+ concentrations onto 0.089 g/L hydrous ferric oxide is illustrated in Fig. 6B . Like the experimental data, calculated adsorption edges migrate from low pH to high pH as Cd 2+ concentration increases. Figure 6C illustrates very low surface coverage data (4. (27) . The curves represent model calculations using the surface complexes (A) >SOCd + , (B) >SOHCdNO Although the calculated curves in Figs. 6A, 6B, and 6C do not describe the data well at extremely low (≤2.2 × 10 −4 mmol/m 2 ) or at extremely high surface coverages (>0.017 mmol/m 2 ), the calculations do suggest that a single-site extended triple-layer model may be used over a wide range of surface coverages. The discrepancies at extremely low surface coverage could probably be accounted for with a second site, which might be attributed to the possible existence of a physical mixture in HFO (see Introduction). These discrepancies might also be a result of experimental difficulties encountered because the radiotracer Cd 2+ concentrations used in Benjamin's experiments may have been comparable to the contamination level of the laboratory. The discrepancies at high surface coverage might be attributable to an insufficient time in the experiments to reach equilibrium. The reaction kinetics reported by Dzombak and Morel (27) are slowest at the very solid concentrations where these high-coverage discrepancies appear in Fig. 6 .
Zinc Adsorption onto Hydrous Ferric Oxide
Dzombak and Morel (27) also examined a set of adsorption isotherm data for Zn 2+ adsorption onto hydrous ferric oxide at a pH of 6.5 that includes data from Benjamin (15) at an ionic strength of 0.1 M and data from Kinniburgh and Jackson (74) at an ionic strength of 1.0 M. The data from Benjamin (15) are for low surface coverages and the data from Kinniburgh and Jackson (74) are for higher surface coverages. Again, the adsorption isotherm exhibits a change in slope with increasing surface coverage. Comparisons between the calculated isotherms and these data are given in Fig. 7 . Again two different surface (74) . These data were extracted from Dzombak and Morel (27, Fig. 4) Although a unique choice of surface complex cannot be identified using the extended triple-layer model to describe one adsorption isotherm at one pH, it is clear from the calculations for Cd 2+ and Zn 2+ on hydrous ferric oxide that the single-site extended triple-layer model is adequate to describe the Cd 2+ and Zn 2+ adsorption isotherm data that were used to justify a two-site model by Dzombak and Morel (27) . This suggests that the need to invoke a two-site model was a function of the limitations of the diffuse-layer model or the metal surface com-
FIG. 8.
Single-site extended triple-layer model predictions for Zn 2+ adsorption onto hydrous ferric oxide. The data are from Kinniburgh and Jackson (74) and were read from figures in Dzombak and Morel (2) . With use of the equilibrium constants found in Fig. 7 for the adsorption isotherm at pH 6.5, adsorption isotherms at a pH 5.5 are calculated using (A) >SOZn + and (B) >SOHZn 2+ -NO plex selected to represent metal adsorption with the diffuse-layer model.
Additional data for Zn 2+ adsorption onto hydrous ferric oxide are provided by Kinniburgh and Jackson (74) . With use of the equilibrium constants established in Fig. 7 (Fig. 8D) . This result suggests that a second surface complex may be necessary to describe these data within the context of a single-site model. Alternatively, a second site might be needed possibly because of the likely presence of minor amounts of hematite mixed with the HFO as discussed above. 
Copper Adsorption onto Goethite
Robertson (75) and Robertson and Leckie (29) report Cu 2+ adsorption isotherm data at three pHs (4, 5, and 6), two ionic strengths (0.01 and 0.1 M NaClO 4 ), and over 3 orders of magnitude surface coverage (Fig. 9 ). These data were described with the extended triple-layer model using a combination of two surface complexes, >SOHCu 2+ -ClO It can be seen in Fig. 9 that the calculated curves describe the majority of the adsorption isotherm data at all three pHs and at both ionic strengths, with the exception of the adsorption isotherm data for 0.01 M NaClO 4 and a pH of 6, where the calculated adsorption isotherm predicts less Cu 2+ adsorption than measured. This suggests the need for a third surface complex or surface precipitation under these conditions. At both ionic strengths and all three pH values, the surface complex >SOHCu 2+ -ClO (29) fit the same data with three different surface complexation models and a variety of surface complexes. In each case, Robertson and Leckie (29) used one type of surface complex and two or three types of sites. They assume that more than one type of surface site is necessary because the slope of the isotherm is <1 below 10 −5 mol of Cu 2+ adsorbed/g of goethite, far from surface saturation. In general, both the model results of Robertson and Leckie (29) and the single-site extended TLM describe the shallow slope of the isotherm at concentrations less than 10 −5 mol of Cu 2+ adsorbed/g of goethite. One of Robertson and Leckie's (29) better fits to the data uses the surface complex >SOCu + -ClO − 4 with three surface site types. The use of more than one type of surface site with the triple-layer model appears to give a better description of the data between 10 −4.5 and 10 −5.5 mol of Cu 2+ /g of goethite than the extended triple-layer model calculations. The problem with the low ionic strength 0.01 M, pH 6 isotherm at high surface coverages is also not encountered when multiple site types are considered.
Cadmium Adsorption onto Goethite
Venema et al. (31) collected Cd 2+ adsorption isotherm data at three ionic strengths (0.01, 0.1, and 0.5 M) at a pH of 7 and isotherm data at five pH values (5, 6, 7, 8, and 9) at an ionic strength of 0.1 M. Using the single-site extended triple-layer model, the isotherm data at a pH of 7 were described using two surface complexes, >SOHCdNO + 3 and >SOHCd 2+ -NO − 3 (see Fig. 10A ). With use of the surface complexes and equilibrium constants found to describe the ionic strength data, calculated adsorption isotherms are compared to the collected data for a range of pH values at a single ionic strength (Fig. 10B) . While the data are predicted successfully at pH values of 8 and 9, the calculated adsorption isotherms overpredict Cd 2+ adsorption at a pH of 5. A better fit to the adsorption isotherms at different pH values is shown in Fig. 10C . In this case, a log K >SOHCdNO + 3 of 6.25 is used rather than 6.75, found by fitting the ionic strength data at a pH of 7. The log K for >SOHCd 2+ -NO − 3 used in both fits is 7.50. Venema et al. (31) fit the same data with a complexation model that assumed two Cd 2+ sites, a single protonation and electrolyte adsorption site, and a modified electrostatic term for each Cd 2+ site. With this procedure, four parameters were obtained: two log K values for Cd 2+ as a high-affinity complex and a lowaffinity complex as well as the two modified electrostatic terms. However, this fit to the data is similar to that provided by the extended triple-layer model in Figs. 10A and 10B , which is based on only two fitting parameters.
PREDICTIONS OF METAL ADSORPTION OVER A RANGE OF SURFACE COVERAGES
In this section, the analysis of several data sets for metal adsorption at different ionic strengths, reported in Criscenti and Sverjensky (5), is extended by examining additional data reported in the same studies for metal adsorption over a range of metal concentrations. These data sets include Co 2+ adsorption onto magnetite (81), Pb 2+ adsorption onto goethite (54), and Co 2+ adsorption onto corundum (17, 67). Tamura et al. (81) and Hayes (54) do not discuss uncertainty in their data. On the other hand, Katz (76) thoroughly investigated uncertainty in pH and concentration measurements for adsorption edge data. The error found in pH measurements is much larger than ±0.05. Katz (76) suggested that this large uncertainty arises because the presence of solids in solution affects the pH probe and leads to major errors in measured pH (±0.23). By comparison, errors in measuring metal concentrations are relatively small. Katz (76) also observed that duplicate experiments using different solid samples lead to greater variability in experimental results than variation in experimental procedure. In addition, although the experiments are conducted in an N 2 environment, CO 2 contamination was introduced through the solid phase. The surface complexes and equilibrium constants previously found by fitting the ionic strength data for each system are used here to predict metal adsorption in each case over a range of metal concentrations.
Cobalt Adsorption onto Magnetite
Adsorption edge data from Tamura et al. (81) for Co 2+ adsorption onto magnetite from NaNO 3 solutions over a wide range of ionic strengths were described using two surface complexes, >SOCo + and >SOHCo 2+ -NO − 3 , which form according to reactions analogous to Eqs. [29] and [33] with equilibrium constant expressions given by Eqs. [30] and [34] , respectively. With use of these surface complexes and their associated equilibrium constants, adsorption isotherms for pH values of 6, 6.5, 7, and 7.5 and over 6 orders of magnitude in Co 2+ concentration are predicted in Fig. 11 . The calculated adsorption isotherms pass through many of the data points, suggesting that the single-site extended triple-layer model can be used to fit metal adsorption over a range of metal concentrations.
Lead Adsorption onto Goethite
In Criscenti and Sverjensky (5), the data for Pb 2+ adsorption onto goethite from NaNO 3 solutions over a range of ionic strengths (0.01, 0.10, and 0.30 M) were fit using an adsorption reaction and equilibrium constant expression for the surface complex >SOHPb 2+ -NO − 3 similar to those given in Eqs. [33] and [34] for >SOHCd 2+ -NO − 3 . In Fig. 12B , data for Pb 2+ adsorption onto goethite at different Pb 2+ concentrations are illustrated on a % Pb 2+ adsorbed versus pH diagram. With use of the surface complex and equilibrium constant found from examining the ionic strength data (Fig. 12A) , the single-site extended triple-layer model can predict the data for a range of Pb 2+ concentrations, from 2.0 × 10 −3 to 3.0 × 10 −2 M.
Cobalt Adsorption onto Corundum
Using the extended triple-layer model, adsorption edge data from Katz (76) for the adsorption of 2 × 10 −6 M Co 2+ onto 2 g/L corundum over a range of ionic strengths were described in Criscenti and Sverjensky (5) and >SOCoOH fits the data at both low and high surface coverages. (E) Adsorption isotherm at pH 7.6. The isotherm calculated using two surface complexes fits the adsorption isotherm at both low and high surface coverages. The data plotted in (C), (D), and (E) are divided into two groups that represent mineral surface coverages less than 10% (SurCov < 10%) and greater than 10% (SurCov > 10%).
>SOCoOH, given by the reaction [39] and equilibrium constant expression
[40]
The adsorption data for 2 g/L corundum and 1 × 10 −4 M Co 2+ , which corresponds to a higher surface coverage (2 mmol/ m 2 ), are well predicted using the same two surface complexes, >SOHCo 2+ -NO − 3 and >SOCoOH (see Fig. 13B ). These high surface coverage data were not described successfully by Katz (76) and Katz and Hayes (17, 18) without considering the formation of multinuclear complexes or surface precipitation.
Adsorption isotherm data at two pH values are presented in Figs. 13D and 13E . It can be seen in Figs. 13D and 13E that the calculated isotherms agree quite well with the experimental data points. Although the isotherm at pH 6.9 lies slightly above much of the data, the calculated curve is quite sensitive to pH. To examine the effects of pH uncertainty, adsorption isotherms were also calculated at pH values of 6.8 and 7.0. Figure 13C demonstrates that such a pH variation is sufficient to improve the fit to the adsorption isotherm through the Co 2+ adsorption data for moderate surface coverages. Figure 13D illustrates the effects of adding the second surface complex, >SOCoOH. This surface complex has little or no affect on Co 2+ adsorption at low surface coverages nor on the original fits to Co 2+ adsorption over the range of ionic strengths presented in Criscenti and Sverjensky (5) . However, it becomes important at high Co 2+ surface coverages and dramatically changes the shape of the adsorption isotherm, suggesting that the adsorption maximum for Co 2+ at a pH of 6.9 is much higher than that suggested by the adsorption isotherm data available. Figure 13E also shows that with the two surface complexes, >SOHCo
and >SOCoOH, adsorption data at high surface coverages can be described using the single-site extended triple-layer model without considering multinuclear surface complexes or surface precipitation. Katz (76) and Towle et al. (87) have studied Co 2+ adsorption onto corundum using X-ray absorption fine-structure spectroscopy. Katz (76) (87) report that the samples studied were either prepared 2 days in advance or 2 months in advance, while Katz (76) does not report time between sample preparation and analysis. The spectroscopic results of Katz (76) suggest that multinuclear complexes form at the lowest surface coverage studied. Towle et al.'s (87) spectroscopic analysis concurs, suggesting that multinuclear complexes form at low surface coverages and that surface precipitates that have a structure similar to that of Co(OH) 2 form at higher surface coverages. However, using our approach, the adsorption edge and isotherm data from Katz (78) , which range in surface coverage from 0.04 to 2 mmol/m 2 , can be modeled effectively without incorporating multinuclear complexes or precipitation. This result suggests that multinuclear complexes and precipitation may not arise in the bulk adsorption experiments. Instead, spectroscopic evidence for multinuclear complexation may be due to the use of samples with a much higher solid-to-liquid ratio than found in the bulk adsorption experiments or because the samples prepared for spectroscopic study were analyzed after a few days or months unlike the samples from the bulk adsorption experiments which were analyzed more quickly.
CONCLUDING REMARKS
This study demonstrates that a single-site extended triplelayer model can account for curvilinear metal adsorption isotherms to fit metal adsorption over a wide range of metal concentrations in the following systems:
(1) Cd 2+ adsorption onto HFO (15) 2 ) adsorption at pHs equal to 7.5 and 6.5, respectively, onto hydrous ferric oxide were used by Dzombak and Morel (27) to demonstrate the need for a two-site model. The present study shows that these isotherms can be described adequately with one surface complex and the single-site extended triple-layer model. However, these isotherms are for pH values at which low metal concentrations are completely adsorbed; adsorption edge data for Cd 2+ and Zn 2+ adsorption for low surface coverages (<1.1 × 10 −4 and <0.02 mmol/m 2 , respectively) are not consistent with the model adopted in the present study. This result could be used to argue for a two-site model under some conditions. An alternative explanation lies in the likelihood that the HFO used by Benjamin (15) and Kinniburgh and Jackson (74) was a physical mixture of two or more solids (37) (38) (39) . In addition, the data for Cu 2+ adsorption onto goethite from Robertson (75) are described reasonably well at low Cu 2+ concentrations with the single-site model.
In addition to surface-site heterogeneity, the curvilinear nature of metal adsorption isotherms and the shifts of pH edges with increasing surface coverage have also been attributed to the adsorption of multinuclear surface complexes (e.g., 76) or the nonideality of metal adsorption (e.g., 72). Although all of these are plausible explanations, we wish to emphasize that the curvature of metal isotherms can also be attributed to changes in surface charge and potential associated with the predominant metal surface complexes. As demonstrated by Robertson and Leckie (61) , the curvature of a single isotherm depends very strongly on the type of metal complex. This result indicates that the slope of the adsorption isotherm cannot be used uncritically as a criterion for determining the number of surface-site types involved in metal adsorption. In addition, it follows that changes in metal adsorption with increasing surface coverage can also be a function of changes in metal surface speciation. Single-site multispecies models have already been widely employed (e.g., 40, 41, 55, 56, 62, [64] [65] [66] . Honeyman and Leckie (88) also suggested that changes in macroscopic adsorption behavior and adsorption energy with increasing surface coverage might be a function of surface speciation. Two of the data sets modeled in our study reinforce this possibility. For Cu 2+ adsorption onto goethite (75) The present study, together with the study of metal adsorption over a range of ionic strengths discussed in Criscenti and Sverjensky (5) , suggests that the nature of metal surface speciation on solid surfaces is a function of pH, surface coverage, ionic strength, and electrolyte type. One very complete data set includes data for Co 2+ adsorption onto magnetite (81) over both a range of ionic strengths from 0.0001 to 0.1 M and a range of surface coverages from 10 −4 to 3.16 mmol/m 2 at pHs from 6 to 7.5. The extended TLM with two surface complexes, >SOCo + and >SOHCo 2+ -NO − 3 , can successfully describe Co 2+ adsorption over this full spectrum of variation in solution composition (i.e., pH, ionic strength, and electrolyte) and solid surface properties (i.e., charge and potential as a function of pH, solid, and surface coverage).
As in Criscenti and Sverjensky (5), much of the data examined in this study can be described by the extended TLM and surface complexes that involve both the metal cation and the electrolyte anion. Evidence that there is no direct correspondence between aqueous and surface metal speciation was found for transition and heavy metal adsorption over a range of ionic strengths in both NaCl and NaClO 4 solutions (5). This difference in metal speciation schemes is not entirely unexpected given that the physical properties of the mineral-solution interface are quite distinct from those of the bulk aqueous solution. The metal-anion complexes suggested by fitting metal adsorption data with the extended TLM have also been previously discussed in terms of recent spectroscopic studies (i.e., XAS) on metal adsorption onto oxide surfaces (5). It is not yet possible to identify the exact nature of all relevant surface complexes with spectroscopic techniques (24) . Only a few XAS studies have investigated the possible co-adsorption of the electrolyte anion with a heavy metal cation (89, 90) . Although not conclusive, these studies lend support to the possibility that these ternary complexes may indeed form on oxide surfaces.
Finally, two of the data sets studied here include sufficient data to examine uncertainties in model predictions (31, 76) . In both cases, discrepancies in fitting different subsets of the experimental data may arise directly from uncertainties in the data itself. For other data sets (54, 81) metal surface complexes and equilibrium constants found by fitting adsorption data over a range of ionic strengths successfully predict metal adsorption over a range of metal concentrations. Further investigation into the uncertainties associated with the surface complexes and equilibrium constants established with the extended triple-layer model awaits comparative studies between different adsorption data sets involving the same solid and metal.
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